Cytokine genes undergo progressive changes in chromatin organization when naïve CD4 þ T helper (Th) cells differentiate into committed Th1 and Th2 lineages. Here, we analyzed nuclear matrix attachment regions (MARs) in the Ifng gene by DNA array technique in unactivated and activated CD4 þ Th cells. This approach was combined with analysis of spatial organization of the Ifng gene by chromosome conformation capture approach to assess the relationship between the gene conformation and matrix attachment organization in functionally different cell subsets. We report that the Ifng gene in unactivated cells displays a linear conformation, but in T-cell receptor-activated cells, it adopts a loop conformation. The selective MARs support the spatial gene organization and characteristically define the Ifng gene in functionally different cell subsets. The pattern of interaction of the Ifng gene with the nuclear matrix dynamically changes in a lineage-specific manner in parallel with the changes in Ifng gene conformation. The data suggest that such structural dynamics provide the means for transcriptional regulation of the Ifng gene in the course of activation and differentiation of CD4 þ Th cells.
Introduction
Gene expression is regulated at multiple levels. Experimental evidence in eukaryotic gene systems argues that specific genomic interactions over distance that form a loop conformation in a gene or gene loci, as well as selective interactions of the gene with the nuclear matrix via matrix attachment regions (MARs), play an important role in gene activation and silencing.
1,2 Application of novel chromosome conformation capture (3C) methodology 3 gives a new dimension to the studies of gene regulation. [4] [5] [6] It allows analysis of long-range interactions between different chromatin segments in vivo to model spatial organization of a relevant gene and identify potential regulatory regions in cell lineages that undergo activation and differentiation. It was demonstrated by 3C that gene families, such as b-globin and IL4 gene loci, comprised of coordinately regulated genes and a locus control region (LCR), can adopt a loop three-dimensional (3D) conformation, forming a so-called chromatin hub. [7] [8] [9] [10] In such conformation, transcriptionally active genes in the locus interact with LCR, whereas transcriptionally silent genes are looped out of the chromatin hub. Experimental evidence was also provided that in CD4 þ T helper (Th) cell subsets a single Ifng gene, not a member of gene family, adopts a loop 3D conformation. 4 Differentiation of CD4 þ T cells into polarized effector Th1 and Th2 lineages represents an excellent model to study gene expression and silencing. These Th cell subsets originate from a common naïve precursor when cultured under Th1-or Th2-specific conditions and display mutually exclusive cytokine profiles. [11] [12] [13] Th1 cells transcribe the Ifng gene, but Th2 cells silence the Ifng gene and coordinately transcribe the IL4, IL13 and IL5 genes. Th differentiation events are associated with progressive chromatin modifications in cytokine genes, including induction of DNase I hypersensitive sites (HS), acetylation of histones and DNA methylation. For instance, naïve T cells and Th2 cells, in which the Ifng gene is repressed, have only one DNase I HS site in Ifng gene. In Th1 cells, however, there are four HS sites within the Ifng gene: two are located in intron 1, the third is located in intron 3 and the fourth is positioned at À5 kilo base (kb) in the vicinity of the distal enhancer. 11, 13, 14 Such events make chromatin more accessible for binding of transcription factors to initiate gene transcription. 15 Activation of naïve T cells through their T-cell receptor (TCR) induces rapid expression of the Ifng gene, but not substantial production of the interferon (IFN)-g. The Ifng gene in these cell subsets adopts a spatial conformation formed with distal gene regions that are brought into the close proximity to the promoter/first intron region. As cells differentiate into their respective Th1 and Th2 effector subsets, the conformation in the Ifng gene displays common features and specific characteristics that distinguish each cell subset. 4 Furthermore, Th1 cells, which produce high levels of IFN-g, display the most open conformation, but Ifng silent Th2 cells display a tightly closed conformation. These observations raise the question of whether the specific Ifng gene conformation in CD4 þ Th cells is a result of gene activation or is a structural characteristic of chromatin organization. It also raises the question of the mechanism that allows the gene conformation to form in the context of the surrounding chromatin.
To address these questions, we here combine oligonucleotide DNA array technique 16 with 3C analysis to assess the higher order chromatin organization in the Ifng gene in cells at different points of activation and differentiation. DNA array technique was developed to map sites of interactions of DNA with the nuclear matrix to allow rapid and accurate study of MARs over large areas of the genome. MARs are known as evolutionarily conserved genome sequences that specifically anchor DNA to the nuclear matrix. [17] [18] [19] Selective position of MARs in the genome creates distinct chromatin loop domains that vary in size from 20 to 200 kb and contain genes and gene clusters of functionally related genes. [20] [21] [22] A large body of accumulated information supports the notion that MARs are involved in positive/negative regulation of gene expression. They function by altering higher-order chromatin structure, changing long-range promoter and enhancer interaction through modification of chromatin structure, and acting as boundary elements for gene domains by protecting them from the negative effect of surrounding chromatin. [23] [24] [25] [26] [27] [28] [29] Moreover, it was demonstrated that the formation of the chromatin hub between distal regulatory elements in b-globin locus correlated with the nuclear matrix association. 30 It is also suggested that in the absence of a well-defined LCR, the nuclear matrix can be one of the primary candidates for structural gene domain regulation. 2, 31, 32 In this study, we aimed to analyze spatial organization of the single Ifng gene in functionally different Th cell subsets before and after activation in the context of nuclear matrix attachment architecture. By combining the 3C and oligonucleotide DNA array approaches, we show the dynamic relationship between the loop conformation and selectively positioned MARs in the Ifng gene that is characteristic for each cell subset.
Results

3C analysis of the Ifng gene conformation in unactivated cell subsets
We have previously demonstrated by 3C assay that the Ifng gene in differentiated Th1 and Th2 cell lineages exhibits a loop conformation. 4 To determine if the Ifng gene is spatially organized in unactivated cell subsets, we here analyzed conformation of the 24 kb Ifng gene in freshly isolated bone marrow precursor cells and in undifferentiated Th cells. Nuclei were treated with paraformaldehyde to crosslink regions of genomic DNA that are in close proximity to each other, and non-cross-linked DNA was used as a control. EcoRI restriction enzyme (RE) sites were mapped in the Ifng gene and five were selected for EcoRI digestion of crosslinked and control DNA templates. Positions of the RE sites are shown relative to the Ifng gene plotted over the map of mouse/human conserved sequences ( Figure 1 ). Crosslinked templates were re-ligated at low DNA concentrations to favor intramolecular interactions and control templates were re-ligated at high DNA concentrations to allow unrestricted intermolecular interactions. To test for interactions between individual RE sites, site-specific primers were used in polymerase chain reaction (PCR) in all possible pairwise non-
Analysis of the crosslinked DNA templates from bone marrow and unactivated Th cells showed that resulted PCR products obtained with all non-homologous combinations of primers were essentially undetectable ( Figure 2a ). All obtained PCR products were quantitated to calculate crosslinking frequency of interaction between restriction sites in the Ifng gene. Crosslinking frequency is calculated as a ratio of the amounts of products in crosslinked and control templates and indicates the relative proximity of different sites to each other captured at a given point in time. Taking into account consistent presence of the PCR product in control templates and the lack of it in crosslinked templates, the calculated crosslinking frequencies in the Ifng gene were negligible in bone marrow cells and very weak in unactivated Th cells (Figure 2b) . Therefore, the Ifng gene region lacks a defined loop conformation in these cell subsets. Next, we wanted to assess the dynamics of formation of the gene conformation after TCR activation of Th cells by performing 3C time course analysis at 12, 36 and 48 h after the activation. We found that at 12 and 36 h, there were very weak interactions between the sites 3 þ 1, 3 þ 4 and 3 þ 5 and no interactions between 3 þ 2 sites. Judging by the amounts of PCR product at 48 h time point, the interactions between all five restriction sites became much stronger (Figure 2a and b). This analysis revealed that formation of the looped conformation of the Ifng gene region was achieved within 48 h after TCR activation. The levels of IFN-g were measured during the Th cell differentiation by standard cytokine enzyme-linked immunosorbent assay (ELISA) as described previously. 4 On day 2 (48 h), T cells cultured under neutral, Th1 or Th2 conditions were relatively undifferentiated as indicated by levels of measured IFN-g ( Nuclear matrix-associated DNA that was used for hybridization with oligonucleotide arrays, consisted of specific 25-35 mers, spaced 1 kb apart, to cover full extent of the 24 kb Ifng gene region. The pattern of hybridization observed with the nuclear matrix-associated DNA extracted from bone marrow cells showed that the majority of the oligonucleotides hybridized with the DNA at a high rate (Figure 4a ) indicating that there is no selectivity in matrix attachment interactions along the Ifng gene in these undifferentiated cells. In contrast, only two strong relatively closely positioned sites of attachment were detected in unactivated Th cells: one 5 0 at À7 kb and another 3 0 at þ 1 kb away from the transcription start site of the Ifng gene. This pattern of hybridization signal represents a shift from a random to a more selective mode of matrix interaction. In TCR-activated neutral Th cells, there were also only two strong ARs but at the positions À7 and þ 11 kb.
Next, we performed matrix attachment analysis in In order to define structural matrix attachment associations among the observed MAR interactions in the Ifng gene, and to distinguish them from transcription-associated interactions, isolated nuclei were treated with the weak ionic detergent, 2,5-lithium di-iodidesulfate (LIS), as described previously. 33, 34 Thus, before oligonucleotide DNA array analysis, nuclei from bone marrow cells and Th cells were subjected to LIS treatment to dissociate histoneand non-histone proteins, particularly RNA Polymerase II transcription complexes, from extracted chromatin. We found that treated Th1 cells showed considerably reduced levels of matrix interaction along the Ifng gene ( Figure 5 ), but MAR interactions at À7 and þ 14 kb sites in Th1 cells were not affected by the treatment. Moreover, there was no change in the pattern of DNA hybridization with the nuclear matrix in LIS-treated bone marrow and Th2 cells (data not shown). Because in bone marrow cells and Th2 cells, the noted overall pattern of MAR interactions was not affected by LIS treatment, similarly to À7 and þ 14 kb sites in Th1 cells, the effect is attributed to structural MAR association. However, MAR interactions in Th1 cells along the Ifng gene region between À7 and þ 14 kb, noted before LIS treatment, are likely to be the result of active transcriptional process, rather than a structural association. Thus, the results of these experiments revealed positions of consistently strong structural MARs and transient MAR associations in the Ifng gene, and clearly distinguished MAR interactions in Th1 from Th2 and bone marrow cells.
Discussion
This study is focused on the role of matrix attachment architecture in spatial organization of the 24 kb Ifng gene in functionally different Th subsets. Our comparative kinetic analysis of the Ifng gene in bone marrow, unactivated and TCR-activated Th cells, demonstrates that the gene conformation and nuclear matrix organization develop in parallel manner. In bone marrow precursor cells, in which transcription of the Ifng gene is repressed, the gene has a linear-like spatial organization (Figure 6a ). In these cells, the presence of multiple matrix attachments in the gene indicates that the interactions are not selective and, therefore, the gene domain is not specified in the surrounding chromatin. Such random association with the nuclear matrix is characteristic for early stages of development and stem cells, which becomes more specific in the course of differentiation. 25, 35 In unactivated CD4 þ Th cells, the matrix attachment interactions with the gene are reduced to only two closely positioned sites (Figure 6b 34 These data suggest that there are dynamic functional MARs, serving to bring genes onto the nuclear matrix in a course of transcription, and less dynamic, structural MARs that specify the gene domain and anchor it to the nuclear matrix. In contrast, in Th2 cells, in which the gene adopts a more closed conformation, 4 specific changes of matrix attachment organization result in disappearance of the 3 0 þ 14 kb MAR (Figure 6e) .
It is important to point out that five EcoRI restriction sites described in this study are mapped to the areas of human/mouse sequence conservation, with EcoRI site 1 coinciding with the above-mentioned À5 kb HS and conserved non-coding sequence 1 (CNS1).
14 The identified MARs, which are also evolutionary highly conserved regions, do not overlap with any of these EcoRI sites. However, in the case of activated neutral Th cells and Th1 cells, the domain-specific DNase I hypersensitive sites and EcoRI sites are located within the boundaries delimited by the two MARs. We reason that MARs, known as regions that define the borders of the gene domains, The formation of the loop structure in the Ifng gene around the promoter/first intron allows the gene, transcription machinery, and distal enhancers and silencers achieve close spatial proximity and accessibility for interaction. We found that RNA Polymerase II remains bound to the Ifng gene promoter in Th1, Th2 and neutral Th cell subsets, positioned in the core of the spatially organized Ifng gene (ER Eivazova, unpublished observations). The studies of IL4 cytokine locus and bglobin genes also showed that a poised loop conformation can serve for rapid transcription in response to specific stimuli. 6, 36, 37 Moreover, in the Ifng gene conformation in IFN-g producing Th1 cells, RE site 5 at þ 10 kb was positioned outside of the core of the loop At present, it is not known what size of the Ifng gene domain is sufficient to achieve optimal Ifng gene function in Th cells. For instance, lineage-specific patterns of histone acetylation in the Ifng gene extend for at least 100 kb. 38 Studies of Ifng gene using a transgenic approach shows that an 8.6-kb human transgene is not sufficient to provide a high, Th1-selective expression of human IFNG. 39 This could be due to the fact that 8.6-kb gene fragment lacks the À7 kb 5 0 and þ 11/ þ 14 kb 3 0 MARs that define the gene conformation in Th1 cells. Evidence is provided, for example, that MARs flanking chicken lysozyme locus, or human protamine domain, establish a position independent transcription sufficient to protect against silencing. 2, 40 Upon removal of the MARs, these loci became subject to position effect. Therefore, the contribution of the MARs and the other highly conserved regulatory sequences 41 into the transcriptional regulation of Ifng gene in vivo can be next addressed through targeted deletion of these elements by transgenic approach. 
Materials and methods
Mice, cells and in vitro T-cell differentiation C57BL6 mice were obtained from The Jackson Laboratory, maintained in pathogen-free conditions in the animal facility at the Vanderbilt University. CD4 þ Th cells were freshly isolated from spleens of 4-week-old mice. At this age, CD4 þ T cells essentially are 490% of the naïve phenotype (CD45RBlo, CD44hi, Mel 14hi) as determined by flow cytometry. These unstimulated cell subsets do not produce IFN-g or interleukin (IL)4 as confirmed by ELISA. Bone marrow cells were freshly isolated from tibia and femur, washed and used for 3C and DNA array analysis.
Cell cultures were grown by standard method as described previously. 4 Briefly, single-cell suspensions were prepared from murine spleens and purified by negative selection using magnetic beads (Genome Therapeutics, Waltham, MA, USA). Average purity of Th cells was 490% as determined by flow cytometry. Tissue culture plates were coated with 10 mg/ml anti-CD3 mAb (145-2C11 clone, American Type Culture Collection) overnight at 41C. Purified Th cells (1 Â 10 6 cells/ml) were stimulated with plate-bound anti-CD3 mAb and syngeneic irradiated spleen cells at a density of 1 Â 10 6 cells/ml in Roswell Park Memorial Institute medium 1640 with 10% fetal calf serum, 100 U/ ml penicillin, 100 U/ml streptomycin, 2 mM L-glutamine and 5 Â 10 À5 M 2-mercaptoethanol. Cells were cultured for 5 days (primary stimulation) under neutral (no further additives), Th1 (5 ng/ml recombinant mouse IL-12 (BD Pharmingen, San Diego, CA, USA) and 10 mg/ml anti-IL-4 mAb (11B11, American Type Culture Collection)) or Th2 (5 ng/ml IL-4 (BD Pharmingen) and 10 mg/ ml anti-IFN-g mAb) conditions. After 5 days, cells were harvested, washed and restimulated with plate-bound anti-CD3 mAb without addition of cytokines and cultured for 2 more days. At days 2 and 5 after primary stimulation and at day 2 after restimulation, cells were harvested for analysis. Cytokine levels were routinely measured in harvested cell culture fluids by ELISA.
Chromosome conformation capture assay The 3C assay was applied to determine frequencies of interaction between different regions in the Ifng gene and to evaluate gene conformation at several points of CD4 þ T-cell differentiation. It was performed essentially as described, 4 using freshly isolated nuclei at a concentration of 1 Â 10 8 nuclei/ml. To crosslink proteins and DNA, paraformaldehyde (Sigma, St Louis, MO, USA) was added directly to nuclei to achieve a final concentration of 1% in 3C buffer and 0.125 M glycine was added to stop the reaction. To remove non-cross-linked proteins from DNA, 0.1% sodium dodecyl sulfate (SDS) (Sigma) was added for 10 min. Before EcoRI digestion, Triton X-100 (Sigma) was added to a final concentration of 1% to sequester SDS. Digestion of chromatin with EcoRI (New England Biolabs, Beverly, MA, USA) restriction enzyme was monitored to ensure complete digestion. Optimal conditions for intramolecular ligation of crosslinked fragments (T4 ligase, New England Biolabs) were established by diluting DNA at different concentrations and monitoring products of ligation by PCR. Crosslinking was reversed by overnight incubation of samples with proteinase K at 651C followed by phenol-chloroform purification of DNA. Control DNA templates were not crosslinked with paraformaldehyde. Purified control DNA was digested with EcoRI and randomly ligated without dilution.
Primer pairs for quantitative PCR analysis were designed to span each of five chosen restriction enzyme sites. Forward and reverse primers were used for crosslinked and control templates in all pairwise homo-
combinations. All PCR products were resolved by electrophoresis on 2% agarose gels and quantified using Stratagene Image Analyzer (Stratagene, La Jolla, CA, USA). Conditions were optimized to yield strong PCR signals and to get approximately equivalent yields of PCR product for each homologous pair of primers. Optimum concentrations of DNA templates used in PCR with all primer pair combinations were established as 25 ng/PCR reaction with crosslinked templates and 300 ng of DNA per reaction for control templates. Samples were run in duplicate, experiments were repeated three times and the results were averaged.
Preparation of nuclear matrices for oligonucleotide DNA array Nuclei were purified from freshly isolated murine cells or cell cultures. Nuclear matrices were prepared by extensive treatment of the isolated nuclei with DNase I under the conditions similar to those used for in vivo foot printing in order to digest non-protein-associated DNA. 33 Subsequent extraction of the nuclei with 2 M NaCl removed histones and other highly soluble proteins with associated DNA. The remaining nucleoskeleton contained chromatin loop anchorage regions. The size distribution of the loop domain attachment sites (the matrix-bound DNA fragments) was in the range of 200-1000 base pairs (bp). The fraction of the loop domain attachment sites constituted 2-5% of the total DNA. In the pilot experiments, we used the loop domain attachment sites with a size range of 200-500, 200-1000, 500-2000 and 500-5000 bp. We have chosen the 200-1000 size range as it gave reproducible results with a relatively law background. Nuclear matrices were digested with proteinase K and purified with phenol-chloroform. This isolated nuclear matrix DNA was treated with RNase A and, after radiolabeling, used as a probe in a Southern/ dot blot with the DNA array covering the 24 kb of the murine Ifng gene domain. Nuclear matrices obtained from three independent experiments were used for hybridizations. Each labeling/hybridization experiment has been carried out in duplicates. Equal amounts of DNA were taken for the labeling reaction and signal levels detected after the hybridization were not significantly different.
Oligonucleotide DNA array To design oligonucleotides, the sequence of the Ifng gene was analyzed to avoid inclusion of repetitive DNA sequences. Synthesized oligonucleotides were tested in silico for DNA repeats by hybridization with the total murine DNA. Total murine DNA hybridized equally to the Ifng DNA array, indicating that the chosen oligonucleotides do not contain DNA repeats. Prepared DNA array consisted of twenty-five 25-35-mer oligonucleotides spaced 1 kb apart (sequences of the oligonucleotides used in the array are available upon request). All oligonucleotides had a similar melting temperature. The oligonucleotides were slot-blotted onto Zeta-probe GT filters in 0.4 M NaOH and fixed by baking at 801C for 30 min. Each filter contained the array in duplicate. The hybridization was carried out at 601C in the modified Church buffer (0.5 M phosphate buffer, pH 7.2, 7% SDS, 10 mM ethylenediaminetetraacetic acid) overnight. The blot was washed subsequently in 2 Â standard sodium citrate (SSC), 0.1% SDS two times for 5 min, then in 1 Â SSC, 0.1% SDS, two times for 10 min. The blots were exposed using Kodak PhosphoScreens and analyzed on Fuji FLA-3000 PhosphoImager for 3-72 h. All experiments were carried out in triplicate. The data were normalized versus a positive control using a ubiquitous MAR from the murine k-immunoglobulin gene locus as described previously.
